Activation of the glucagon-like peptide (GLP)-1 receptor (GLP-1R) and inhibition of dipeptidyl peptidase-4 (DPP-4) are new antidiabetic strategies. The GLP-1R and DPP-4 are also expressed in the renal proximal tubular brush border, where they may regulate Na ϩ reabsorption. Exendin-4 (EX4) is a naturally occurring antidiabetic polypeptide (from the saliva of the lizard Heloderma suspectum) and GLP-1R agonist; however, part of its nonglucoregulatory effects are through GLP-1R-independent mechanisms. DPP-4 cleaves and inactivates GLP-1; thus the natriuretic effect of DPP-4 inhibition may be mediated by the GLP-1R. We report that parenteral application of EX4 in wild-type mice induced a diuresis and natriuresis associated with increases in glomerular filtration rate, fractional urinary fluid and Na ϩ excretion, and renal membrane expression of the Na ϩ /H ϩ exchanger NHE3 phosphorylated at S552 and S605, established consensus sites for cAMP-dependent PKA. These effects were absent in mice lacking the GLP-1R and independent of adenylyl cyclase 6. In comparison, parenteral application of the DPP-4 inhibitor alogliptin reduced plasma DPP-4 activity by 95% and induced a diuresis and natriuresis independent of the presence of the GLP-1R or changes in phosphorylated NHE3. The inhibitory effect on renal fluid and Na ϩ reabsorption of EX4, but not alogliptin, was preserved in diabetic db/db mice and associated with a modest reduction in blood pressure. These results reveal mechanistic differences in how EX4 vs. DPP-4 inhibition induces diuresis and natriuresis under normal states, with preservation of GLP-1R-mediated, but not DPP-4 inhibitor-dependent, natriuretic mechanisms in a mouse model of obese type 2 diabetes.
glucagon-like peptide-1; dipeptidyl peptidase-4; NHE3; cAMP; proximal tubule GLUCAGON-LIKE PEPTIDE -1 (GLP-1), an incretin hormone secreted from enteroendocrine L cells in the intestine, stimulates glucose-dependent insulin release and may promote preservation of beta-cell function in patients with type 2 diabetes (9, 10). As a consequence, GLP-1 has been a principal focus of clinical and basic diabetes research in recent years. After secretion, active GLP-1 is rapidly cleaved by the widely expressed enzyme dipeptidyl peptidase-4 (DPP-4, CD26), such that the half-life of bioactive GLP-1 is Ͻ3 min. Therefore, therapeutic manipulation of the GLP-1 system includes strategies that inhibit the degradation of GLP-1 by DPP-4 (i.e., DPP-4 inhibitors) or degradation-resistant GLP-1 receptor (GLP-1R) agonists with a longer half-life, such as exendin-4 (EX4) or liraglutide.
In addition to its metabolic effects, GLP-1 affects kidney function. Analysis of GLP-1R expression in rats (6) , pigs, and humans (34) localized the GLP-1R to the brush border microvilli of proximal tubules. Intravenous infusion of GLP-1 increased glomerular filtration rate (GFR), inhibited proximal tubular reabsorption, and increased urine flow and Na ϩ excretion in rats (6, 30) . In healthy subjects, infusion of GLP-1 evoked a dose-dependent increase in urinary Na ϩ excretion without changing GFR (20, 21) . Studies in intact rat and porcine renal proximal tubules indicated that GLP-1 decreases Na ϩ /H ϩ exchanger (NHE3)-mediated bicarbonate reabsorption (6, 34) . Moreover, GLP-1 increased expression of NHE3 phosphorylated at S552 and S605, two PKA consensus sites, without changing total NHE3 expression, in rat proximal tubular brush border microvilli (6) . Similar effects on proximal tubular bicarbonate flux and NHE3 phosphorylation were observed following EX4 administration in the rat (6) . Thus there is strong evidence that GLP-1 and related GLP-1R agonists not only mediate important effects on glucose homeostasis, but also stimulate renal excretion of fluid and Na ϩ in rats and humans.
The current studies tested whether EX4 also induces a natriuretic effect in the mouse and whether this includes effects on GFR and fractional renal Na ϩ excretion. It is known that GLP-1R agonists may mediate nonglucoregulatory effects, at least in part through GLP-1R-independent mechanisms (1). Moreover, EX4 has only 54% amino acid identity to GLP-1 (18) . Therefore, we used a mouse model that lacks this receptor to determine whether the renal effects of EX4 are dependent on the presence of an intact GLP-1R.
DPP-4 inactivates GLP-1, is present in plasma and on the surface of capillary endothelial cells, and is one of the major proteins expressed in the apical brush border membrane of the proximal tubule (25) , where it assembles with NHE3 (15) . The DPP-4 inhibitors Lys [Z(NO 2 )]-pyrrolidide and P32/98 inhibited NHE3-mediated Na ϩ reabsorption in rat renal proximal tubule in vivo (6, 16) . Studies in an opossum kidney proximal tubule cell line indicate that the enzymatic activity of DPP-4 in the proximal tubular brush border may locally affect the generation or breakdown of endogenous factors that regulate Na ϩ reabsorption via effects on NHE3 activity (17) . We tested the renal effects of alogliptin (ALG), a novel, high-affinity, high-specificity DDP-4 inhibitor, in the mouse (5, 7, 13) . We hypothesized that the natriuretic effect of ALG involves inhibition of the breakdown of GLP-1 and, thus, depends on an intact GLP-1R.
Studies in humans demonstrate that obese men responded to GLP-1 infusion with a natriuresis, but, in contrast to healthy subjects, this natriuresis was associated with a decrease in GFR (21) , indicating that factors related to body mass may affect the renal response to EX4 and/or DPP-4 inhibition. Therefore, we also compared the effect of EX4 and ALG on renal function in obese type 2 diabetic db/db mice.
MATERIALS AND METHODS
Animal experiments were conducted according to protocols reviewed and approved by the Institutional Animal Care and Use Committee of the Veterans Affairs San Diego Healthcare System. Heterozygote breeding strategies were used to yield GLP-1R-deficient (Glp1r Ϫ/Ϫ ) and littermate wild-type (WT) mice (35) , as well as adenylyl cyclase (AC) type VI (AC6)-deficient and littermate WT mice (37) . Homozygous C57BLKS/J db/db mice (Jackson Laboratories, Bar Harbor, ME) were used as an obese type 2 diabetic model, and littermate heterozygote db/Ϫ mice served as controls. Age-and gender-matched adult mice were used.
Metabolic cage experiments in awake mice. Mice were randomized to application of EX4 (10 g/kg ip; Sigma-Aldrich, St. Louis, MO), ALG (10 mg/kg ip; Takeda Pharmaceuticals, Oak Grove, IL), or vehicle (0.85% NaCl, 2 l/g body wt ip). After their bladders were emptied, the mice were NaCl-loaded by oral gavage (0.85% NaCl, 30 l/g body wt, ϳ30% of daily NaCl intake) and placed in metabolic cages for quantitative urine collection over 3 h without access to food or water (32, 33) ; then blood glucose was measured by tail snip.
Two-period clearance experiments to assess GFR and absolute and fractional renal excretion. Mice were anesthetized with thiobutabarbital (100 mg/kg ip, 2 l/g body wt; Sigma-Aldrich, St. Louis, MO) and ketamine (100 mg/kg im, 2 l/g body wt; Butler, Dublin, OH) and prepared for renal clearance experiments, as described elsewhere (31, 32) . The jugular vein was cannulated for continuous infusion of 2.25% bovine serum albumin in 0.85% NaCl at 0.4 ml·h Ϫ1 ·30 g body wt Ϫ1 . For assessment of two-kidney GFR by inulin clearance, [ 3 H]inulin was added to the infusion to deliver 5 Ci·h Ϫ1 ·30 g body wt Ϫ1 . GFR and urinary excretion of fluid, Na ϩ , and K ϩ were assessed by quantitative urine collection via a bladder catheter in two 30-min periods: after completion of a basal period, EX4 (10 g/kg), ALG (10 mg/kg), or vehicle (0.85% NaCl, 1 l/g body wt) was given by intravenous bolus application, and 5 min later the second period was started. Blood samples (50 l) were drawn midway in each period from an arterial catheter, which was also used to monitor blood pressure and heart rate. Concentrations of [ 3 H]inulin in plasma and urine were measured by liquid scintillation counting. Plasma and urine were analyzed for Na ϩ and K ϩ concentrations by flame photometry (ColeParmer Instrument, Vernon Hills, IL). cAMP concentrations were assessed by radioimmunoassay (33) . In a separate set of two-period clearance studies in WT mice, parathyroid hormone (10 g/kg iv bolus) was administered, and 5 min later the second period was started to measure urinary cAMP excretion.
Expression of total and phosphorylated NHE3 in renal membranes. Kidneys were harvested 1 h after application of EX4 (10 g/kg ip), ALG (10 mg/kg ip), or vehicle (0.85% NaCl, 2 l/g body wt). Renal membranes were prepared in the presence of protease and phosphatase inhibitors, as previously described (33, 39) . Immunoblotting was performed at 4°C overnight with the primary NHE3 Ab (Millipore, Billerica, MA), phosphorylated (S552) NHE3 Ab (Novus Biologicals, Littleton, CO), and phosphorylated (S605) NHE3 Ab (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:1,000, 1:1,000, and 1:200, respectively. The latter two antibodies recognize NHE only when S552 or S605 is phosphorylated (27) . Chemiluminescent detection was performed using a 1:5,000 dilution of enhanced chemiluminescent (ECL) donkey anti-rabbit IgG and anti-mouse IgG linked to horseradish peroxidase and ECL detection reagent (GE Healthcare, Buckinghamshire, UK). For verification of equal protein loading, the membrane was stripped (0.2 M NaOH for 5 min) and reprobed with monoclonal anti-␤-actin Ab (Sigma-Aldrich).
DPP-4 activity in plasma. Plasma DPP-4 activity was measured using a homogeneous luminescent assay (DPPIV-Glo Protease Assay, Promega, San Luis Obispo, CA) according to the manufacturer's instruction. For each sample, specific DPP-4 activity was determined by comparison of measurements in the presence and absence of ALG (1 M) in the incubation.
Statistical analysis. Values are means Ϯ SE. Unpaired and paired t-tests were performed, as appropriate, to analyze for statistical differences between and within groups. P Ͻ 0.05 was considered statistically significant. The contribution of GLP-1R to the renal response to EX4 was determined by comparison of changes in WT vs.
Glp1r
Ϫ/Ϫ mice.
RESULTS

Basal kidney function in Glp1r
Ϫ/Ϫ mice. Glp1r Ϫ/Ϫ and littermate WT mice had similar body weight (27 Ϯ 1 vs. 27 Ϯ 1 g), food and fluid intake [determined in regular cages: 0.14 Ϯ 0.01 vs. 0.14 Ϯ 0.01 g·day Ϫ1 ·g body wt Ϫ1 and 0.15 Ϯ 0.01 vs. 0.15 Ϯ 0.01 ml·day Ϫ1 ·g body wt Ϫ1 , respectively, n ϭ 22-26, P ϭ not significant (NS)], and plasma aldosterone concentration (879 Ϯ 115 vs. 935 Ϯ 65 pg/ml, n ϭ 9, P ϭ NS). Clearance studies under thiobutabarbital-ketamine anesthesia revealed similar blood pressure, heart rate, hematocrit, plasma Na ϩ and K ϩ concentrations, and absolute and fractional urinary excretion of H 2 O, Na ϩ , and K ϩ , while GFR was modestly greater in Glp1r Ϫ/Ϫ than WT mice ( pared with vehicle, EX4 (10 g/kg ip), the 39-amino acid naturally occurring GLP-1R agonist (12) , which is highly resistant to the proteolytic action of DPP-4 in vivo (3, 8) , lowered blood glucose levels in WT mice (104 Ϯ 8 vs. 154 Ϯ 9 mg/dl, P Ͻ 0.05) and increased urinary excretion of H 2 O and Na ϩ , whereas K ϩ excretion was not significantly changed ( Fig.  1A) . In comparison, EX4 did not affect blood glucose levels (146 Ϯ 6 vs. 147 Ϯ 8 mg/dl, P ϭ NS) or urinary H 2 O or Na 1A) . Total renal membrane expression of NHE3 in WT mice was not different from that in Glp1r Ϫ/Ϫ mice and was not altered by EX4 ( Fig. 2A) . EX4 increased the amount of NHE3 phosphorylated at S552 and S605 in renal membranes of WT, but not Glp1r Ϫ/Ϫ , mice (Fig. 2 , B and C). ALG-induced diuresis and natriuresis are independent of an intact GLP-1R and changes in NHE3 phosphorylation in awake mice. ALG (10 mg/kg ip) administered in metabolic cage studies increased urinary excretion of fluid and Na ϩ in WT and Glp1r Ϫ/Ϫ mice but did not significantly change K ϩ excretion (Fig. 1B) . In contrast to EX4, ALG did not affect the amount of NHE3 phosphorylated at S552 and S605 in renal membranes (Fig. 2 , B and C), although the drug strongly inhibited plasma DPP-4 activity in WT and Glp1r Ϫ/Ϫ mice (Fig. 2D) .
EX4-induced increases in GFR and fractional urinary Na ϩ excretion in anesthetized mice depend on an intact GLP-1R.
Two-period clearance experiments under anesthesia were performed in Glp1r Ϫ/Ϫ and WT mice with a basal period followed by EX4 administration 5 min prior to the second period. Figure 3A shows the changes in the second period compared with the basal period. Changes in blood pressure and heart rate in the second period were not different between WT and Glp1r Ϫ/Ϫ mice (9 Ϯ 2 vs. 9 Ϯ 4% and 5 Ϯ 2 vs. 5 Ϯ 2%, respectively, P ϭ NS for both). EX4 increased GFR, urinary flow rate, and absolute and fractional urinary Na ϩ excretion in WT compared with Glp1r Ϫ/Ϫ mice (Fig. 3A) . Thus, consistent with the metabolic cage studies in awake mice, the EX4-induced natriuresis depends on an intact GLP-1R and was the consequence of an increase in GFR and a modest decrease in fractional Na ϩ reabsorption.
EX4-induced natriuresis and NHE3 phosphorylation occur without changes in urinary cAMP and are not affected by the absence of AC6. Basal urinary excretion of cAMP in clearance studies under anesthesia was increased in Glp1r
Ϫ/Ϫ compared with WT mice (Table 1) . EX4 did not significantly change urinary excretion of cAMP in clearance studies (Fig. 3A) or in metabolic cage studies (Fig. 4A) . In contrast, parathyroid hormone increased urinary cAMP excretion in WT mice in the experimental setting of the clearance studies (Fig. 3B ). EX4-induced diuresis and natriuresis and phosphorylation of NHE3 were not affected by the absence of AC6 (Fig. 4) .
Inhibitory effect of EX4 on renal Na ϩ reabsorption, but not the stimulatory effect on GFR, is preserved in db/db mice. Two-period clearance experiments [a basal period followed by administration of EX4 (10 g/kg iv) or vehicle 5 min prior to the second period] under anesthesia were performed in hyperglycemic db/db and heterozygous nondiabetic db/Ϫ (control) mice. Table 2 Glp1r -/-mice * * * Fig. 1 . Natriuretic response to exendin-4 (EX4), but not alogliptin (ALG), is blunted in awake mice lacking the glucogon-like peptide (GLP)-1 receptor (GLP-1R). GLP-1R-deficient (Glp1r Ϫ/Ϫ ) and wild-type (WT) mice were randomized to application of EX4 (10 g/kg body wt ip), ALG (10 mg/kg body wt ip), or vehicle (0.85% NaCl, 2 l/g body wt) followed by oral gavage with isotonic saline (30 l/g, ϳ30% of daily NaCl intake), and urinary excretion in metabolic cages over 3 h was determined. A: EX4 increased urinary flow rate and Na ϩ excretion in WT, but not Glp1r Ϫ/Ϫ , mice. B: natriuretic effect of ALG was similar in both genotypes. Values are means Ϯ SE; n ϭ 5-6 per group. *P Ͻ 0.05 vs. vehicle. and control mice. As expected, db/db mice were heavier than control mice and hyperglycemic. Hematocrit, blood pressure, heart rate, and plasma Na ϩ concentration were similar between groups. Absolute GFR and renal excretion of H 2 O and Na ϩ were not different between groups but were lower in db/db mice than controls when related to body weight. Lower plasma K ϩ concentrations in db/db mice were associated with greater renal fractional K ϩ excretion and urinary K ϩ -to-Na ϩ ratios. Figure 5 shows the effects of EX4 compared with vehicle in control and db/db mice. Changes in blood pressure were not different between treatments in control mice. Similar to the responses in C57BL/6 (WT) mice (see above), in control mice, EX4 lowered blood glucose levels and increased GFR, urinary flow rate, and absolute and fractional urinary Na ϩ excretion without altering renal K ϩ excretion compared with vehicle. EX4 lowered blood glucose levels in control and db/db mice (Fig. 5) . EX4 modestly lowered blood pressure in db/db mice but did not alter GFR compared with vehicle; yet, and as observed in controls, EX4 increased fractional renal excretion of H 2 O and Na ϩ in db/db mice without altering renal K ϩ excretion.
Inhibitory effect of ALG on renal H 2 O and Na ϩ reabsorption is blunted in db/db mice. Two-period clearance experiments with application of ALG (10 mg/kg iv) prior to the second period revealed that changes in blood pressure were not different between ALG and vehicle treatment in db/db and control mice. In controls, ALG tended to increase GFR compared with vehicle (P ϭ 0.058); this was associated with an increase in absolute and fractional urinary H 2 O and Na ϩ excretion without an alteration of renal K ϩ excretion (Fig. 5) . As observed in controls, in db/db mice, intravenous application of ALG did not significantly lower blood glucose levels compared with vehicle (Fig. 5) . In contrast to EX4, ALG did not significantly affect renal H 2 O or Na ϩ excretion in db/db mice (Fig. 5) . Additional metabolic cage experiments in awake mice confirmed that ALG (10 mg/kg ip) increased urinary Na ϩ excretion in control, but not db/db, mice (Fig. 6) . Moreover, ALG at 30 mg/kg ip did not lower blood glucose levels in control (109 Ϯ 4 mg/dl, n ϭ 10, P ϭ NS) or db/db (408 Ϯ 40 mg/dl, n ϭ 10, P ϭ NS) mice compared with vehicle at 3 h after application and significantly increased Na ϩ excretion in controls (22.6 Ϯ 1.0 vs. 19.1 Ϯ 1.1 nmol·min Ϫ1 ·g Ϫ1 , P Ͻ 0.05 vs. vehicle), but not in db/db mice (23.6 Ϯ 1.6 21.9 Ϯ 1.4 nmol·min Ϫ1 ·g Ϫ1 , P ϭ NS).
DISCUSSION
The present study shows that EX4 induces a diuresis and natriuresis due to an increase in GFR and reduction of fractional renal fluid and Na ϩ reabsorption. These findings in mice are in accordance with previous studies in rats (6) . Gene knockout and WT mice were used to show that this response requires a functional GLP-1R.
In rats, the increase in GFR in response to GLP-1 and EX4 has been associated with an increase in renal blood flow (6), indicating a primary vascular effect. GLP-1 and GLP-1-(9 -36) induced vasodilation and increased coronary flow in constantpressure-perfused isolated hearts (1). These effects were at 
vehicle. D: ALG inhibited DPP-4 activity in WT and
Glp1r
Ϫ/Ϫ mice. Data are expressed relative to the mean of the vehicle-treated WT group, which was set as 100%. EX4 was without effect. Values are means Ϯ SE; n ϭ 5 per group. *P Ͻ 0.05 vs. vehicle. least in part nitric oxide/cGMP-dependent and maintained in Glp1r Ϫ/Ϫ mice, suggesting a GLP-1R-independent mechanism. Notably, EX4 did not produce vasodilatation or cGMP release in that preparation (1) . In comparison, GLP-1 induced vasorelaxation in the rat aorta through classic GLP-1R-dependent AC-coupled mechanisms (19) . Here we show that the effect of EX4 on GFR and, thus potentially on the renal vasculature, is dependent on an intact GLP-1R.
Natriuretic effects of GLP-1 and EX4 in the rat have been linked to the phosphorylation and inhibition of NHE3 in the proximal tubule (6) . We show that the natriuretic effect of EX4 in the mouse is also associated with phosphorylation of NHE3 at S552 and S605 and that the changes in NHE3 phosphorylation are dependent on an intact GLP-1R. S552 and S605, two consensus sites for PKA on NHE3, are physiologically regulated in vitro (27) and in vivo (26, 27) . However, phosphorylation of these sites does not directly alter NHE activity (26) . Thus GLP-1R activation induces phosphorylation of NHE3 at S552 and S605; however, further studies are needed to understand the relevance and role of NHE3 phosphorylation in the natriuretic effects of GLP-1 and EX4.
The GLP-1R is a G protein-coupled receptor, and its activation stimulates the formation of cAMP (14) . Systemic application of GLP-1 and EX4 at 1-5 g/kg increased urinary cAMP excretion in rats by 20-fold, and the PKA inhibitor H-89 prevented the inhibitory effect of GLP-1 on bicarbonate reabsorption in renal proximal tubule (6) . We found that the EX4-induced and GLP-1R-mediated natriuresis and NHE3 phosphorylation in the mouse are not associated with an increase in urinary cAMP excretion and persisted in AC6-deficient mice. AC6 is the most abundant AC isoform in rat whole kidney (36) and mouse medulla (33) on the basis of mRNA expression and the dominant AC isoform with regard to forskolin-induced cAMP formation in mouse kidney (4) and inner medulla (33) . It could be that the impact of proximal tubule release on total urinary cAMP excretion is lower in mice than rats, although application of parathyroid hormone, which is thought to activate proximal tubular AC, increased urinary cAMP-to-creatinine ratios threefold in mice (43), a finding confirmed in the present studies. One may speculate that activation of proximal tubular AC by different receptors causes cAMP to enter the tubular lumen at different rates. Furthermore, an AC isoform other than AC6 may be activated by GLP-1Rs in the proximal tubule, which in the rat expresses AC2, AC3, AC6, AC7, and AC9 (2) .
ALG at 10 mg/kg ip inhibited plasma DPP-4 activity by ϳ95% and, in nondiabetic mice, induced a diuresis and natriuresis associated with an increase in fractional renal excretion of fluid and Na ϩ . ALG tended to increase GFR, but, similar to a previous study of the DPP-4 inhibitor P32/98 in the rat (6), the effect did not quite reach statistical significance (P ϭ 0.058). Overall, it appears that DPP-4 inhibition can induce a small increase in GFR [and renal plasma flow (6)] in nondia- betic rats and mice, but this effect appears to be smaller than the effect of direct GLP-1R activation (present study; 6). Studies in an opossum kidney proximal tubule cell line showed that inhibitors of DPP-4 (diprotin A and P32/98) significantly reduced NHE3 activity (17) . Treatment of rats with the DPP-4 inhibitor Lys [Z(NO 2 )]-pyrrolidide for 7 days decreased NHE activity in isolated proximal tubular microvillar membrane vesicles, redistributed NHE3 from the apical enriched microvillar membranes to the intermicrovillar microdomain of the brush border, and increased fractional Na ϩ excretion and Li ϩ clearance (16) . Moreover, intratubular application of GLP-1 or EX4, but not the DPP-4 inhibitor P32/98, reduced the rate of bicarbonate flux during stationary in vivo microperfusion in proximal convoluted tubules, i.e., during the absence of flow and glomerular filtrate reaching the site of study (6) . All these findings indicate that the enzymatic activity of DPP-4 in the proximal tubular brush border may locally affect the generation or breakdown of endogenous factors that regulate Na ϩ reabsorption via effects on NHE3 and that this factor may derive from the systemic circulation via glomerular filtration. The present study shows that, in contrast to EX4, the ALG-induced diuresis and natriuresis were preserved in mice lacking the GLP-1R, indicating a GLP-1R-independent mode of action. These data provide the first evidence that DPP-4 and its inhibition may regulate an endogenous substrate other than GLP-1 to affect renal reabsorption of fluid and Na ϩ . Alternatively, GLP-1 accumulation in response to DPP-4 inhibition exerts natriuretic activity through a receptor other than the known GLP-1R.
High doses of the DPP-4 inhibitor P32/98 (50 mg/kg) increased the expression of NHE3 phosphorylated at S552 and S605 in proximal tubular microvilli of the rat, although this response was smaller than the response to EX4 (6) . In the present study, ALG lowered plasma DPP-4 activity by 95% and induced a diuresis and natriuresis but did not affect NHE3 phosphorylation. The extent of the diuresis and natriuresis (and GFR effects) in response to ALG relative to that in response to EX4 in the present study was similar to the differences between and WT mice were randomized to application of EX4 (10 g/kg body wt ip) or vehicle (0.85% NaCl, 2 l/g body wt) followed by oral gavage with isotonic saline (30 l/g; ϳ30% of daily NaCl intake), and urinary excretion in metabolic cages over 3 h was determined. Natriuretic effect of EX4 was similar in both genotypes. EX4 did not change urinary cAMP excretion. Values are means Ϯ SE; n ϭ 5-6 per group. *P Ͻ 0.05 vs. vehicle. B: kidneys were harvested from AC6 Ϫ/Ϫ mice 1 h after application of EX4 (10 g/kg body wt ip) or vehicle (0.85% NaCl, 2 l/g body wt). Phosphorylation of renal NHE3 at S552 and S605 was preserved in AC6
Ϫ/Ϫ mice. Values are means Ϯ SE; n ϭ 6 per group. *P Ͻ 0.05 vs. vehicle. P32/98 and EX4 in the previous rat study (6) . Moreover, increasing the dose of ALG from 10 to 30 mg/kg in awake mice did not increase the natriuresis. Whereas higher doses of a DPP-4 inhibitor may affect additional peptides and pathways and/or induce stronger effects, the present findings indicate that the diuretic and natriuretic effect of the selective DPP-4 inhibitor ALG can occur independent of changes in NHE3 phosphorylation at S552 and S605 in mice. Proximal tubular hyperreabsorption via the physiology of tubuloglomerular feedback has been proposed to enhance GFR Table 2 .
Responses to EX4, ALG, and vehicle in the second period are as follows: in nondiabetic control mice, EX4 and ALG increased fractional H2O and Na ϩ excretion vs. vehicle without altering renal K ϩ excretion, and EX4 lowered blood glucose and increased GFR; in diabetic db/db mice, only EX4 lowered blood glucose and increased fractional H2O and Na ϩ excretion, and EX4 modestly lowered mean blood pressure and did not increase GFR. Values are means Ϯ SE; n ϭ 6 -10 per group. *P Ͻ 0.05 vs. vehicle.
A B
urinary flow rate (µl min . ALG differentially affects urinary Na ϩ excretion in awake control (A) vs. db/db (B) mice. Mice were randomized to application of ALG (10 mg/kg body wt ip) or vehicle (0.85% NaCl, 2 l/g body wt) followed by oral gavage with isotonic saline (30 l/g body wt), and urinary excretion in metabolic cages over 3 h and then blood glucose measurements were determined. Values are means Ϯ SE; n ϭ 10 -15 per group. *P Ͻ 0.05 vs. vehicle.
in the early diabetic kidney, a risk factor for the progression to diabetic nephropathy (38) . Therefore, antidiabetic drugs that lower proximal tubular hyperreabsorption may have beneficial effects on the kidney beyond blood glucose control. We observed that the acute inhibitory effect of EX4 on renal Na ϩ reabsorption was preserved in db/db mice. Moreover, the EX4-induced increase in GFR in nondiabetic mice was blunted in db/db mice. This may in part be due to a modest reduction in blood pressure in db/db mice by EX4. Antihypertensive effects of EX-4/GLP-1 have been reported in db/db mice (22), a rat model of the metabolic syndrome (28) , and Dahl saltsensitive rats (42) . In addition, EX4 may lower GFR by inhibiting proximal reabsorption via the physiology of tubuloglomerular feedback. Along these lines, mice lacking the GLP-1R have an increased basal GFR. We speculate that knockout of the GLP-1R removes its tonic inhibitory influence on proximal tubular reabsorption, which lowers the NaCl concentration at the macula densa and increases GFR via tubuloglomerular feedback. Further studies are needed to follow up on the hypothesis that changes in proximal tubular reabsorption explain the enhanced basal GFR in the Glp1r Ϫ/Ϫ mice and the blunted GFR effect of EX4 under diabetic conditions.
In contrast to EX4, the inhibitory effect of ALG on renal fluid and Na ϩ reabsorption was abolished in db/db mice. This was observed in awake mice and in clearance studies under anesthesia. The results indicate that the inhibition of renal Na ϩ reabsorption induced by acute GLP-1R activation is preserved in diabetic db/db mice, whereas the endogenous natriuretic pathway induced by DPP-4 inhibition is rendered insensitive and/or ineffective. The reasons for the latter remain unclear. Plasma DPP-4 activity is increased in patients with type 1 and type 2 diabetes (29) . Urinary DPP-4 excretion is enhanced in patients with non-insulin-dependent diabetes mellitus (24) . Renal DPP-4 expression and activity (41) , as well as urinary excretion of DPP-4 (23), are increased in hyperglycemic rats. Thus changes in DPP-4 expression and activity may not explain the present findings, pointing to potential changes in the availability of the DPP-4 substrate(s) or in the natriuretic signaling cascade induced by DPP-4 inhibition in db/db mice.
Whereas EX4 lowered blood glucose levels in nondiabetic control and db/db (but not Glp1r Ϫ/Ϫ ) mice, intraperitoneal or intravenous application of ALG did not significantly alter blood glucose levels within the experimental time frame of 1-3 h in any of these groups compared with vehicle application. We documented a ϳ95% reduction in plasma DPP-4 activity at 1 h after intraperitoneal application of ALG. It has been proposed that DPP-4 inhibition modulates glucose homeostasis through pathways distinct from those used by GLP-1R agonists in mice (11) . Studies in mice proposed that the predominant mechanism through which DPP-4 inhibitors regulate blood glucose levels involves local inhibition of intestinal DPP-4 activity (40), a pathway that may not be sufficiently inhibited by the acute intravenous or intraperitoneal application of ALG in the present studies. In addition, it may be that the degree of enteral glucose loading and secretion of gut peptides necessary to unmask acute effects of intravenous DPP-4 inhibitors on blood glucose control was not established in the unchallenged control and db/db mice in the present experiments.
Summary and Perspectives
The current studies indicate that the acute natriuretic effect of intravenous and/or intraperitoneal application of EX4, but not ALG, is mediated via the GLP-1R and that only the acute natriuretic effect of EX4 is preserved in a mouse model of type 2 diabetes. Thus DPP-4 and its inhibition may regulate one or more substrates beyond GLP-1 to affect renal reabsorption of fluid and Na ϩ . Further studies are needed to better understand the natriuretic effect of GLP-1R agonists and DPP-4 inhibitors, including the involved molecular mechanisms and their longterm effects on renal fluid and salt transport in the diabetic kidney. The physiological and pathophysiological relevance of an intestinal-renal GLP-1 system remains unclear. The present studies show that the absence of the GLP-1R increases GFR. Its absence appears not to affect the natriuresis and diuresis induced by salt loading via oral gavage, indicating a negligible contribution of the endogenous GLP-1/GLP-1R system in response to this maneuver. 
